Recently, a differential phase-shift keying (DPSK) modulation format has attracted a great deal of attention for long-haul high-capacity transmission systems. This is because the receiver sensitivity can be improved by 3 dB by using the DPSK format instead of the conventional on-off keying (assuming that an optically preamplified balanced receiver is used) [1] . In addition, the pattern-independent power envelope of the DPSK format could mitigate the effects of fiber nonlinearities such as cross-phase modulation and self-phase modulation [2]- [3] . A direct-detection DPSK system typically utilizes a delay interferometer (DI) for the demodulation at the receiver. However, it has been reported that even a slight frequency offset (300 MHz -400 MHz) between the optical signal and DI could cause a power penalty of about 1 dB in a 10-Gb/s DPSK system [4]- [5] . Frequency offset of merely 250 MHz, resulting from the polarization-dependent propagation constant within DI, could also cause the power penalty of up to 0.5 dB [4] . Thus, to optimize the performance of DPSK systems, it is essential to compensate this frequency offset by adjusting the path-length difference within DI using an integrated thermal heater or a phase shifter made of piezoelectric transducer (PZT). However, to our knowledge, there has been no attempt to monitor this frequency offset and compensate it to ensure the optimum performance of DPSK systems. In this paper, we propose and demonstrate a novel technique to monitor this frequency offset in direct-detection DPSK systems by dithering the phase of DPSK signal. In the proposed technique, the frequency offset was monitored by measuring the magnitude of the AM component generated by the PM-to-AM conversion occurred in DI. The results showed that the monitoring range and accuracy of the proposed technique were ±2 GHz and -1 MHz, respectively.
Introduction
Recently, a differential phase-shift keying (DPSK) modulation format has attracted a great deal of attention for long-haul high-capacity transmission systems. This is because the receiver sensitivity can be improved by 3 dB by using the DPSK format instead of the conventional on-off keying (assuming that an optically preamplified balanced receiver is used) [1] . In addition, the pattern-independent power envelope of the DPSK format could mitigate the effects of fiber nonlinearities such as cross-phase modulation and self-phase modulation [2] - [3] . A direct-detection DPSK system typically utilizes a delay interferometer (DI) for the demodulation at the receiver. However, it has been reported that even a slight frequency offset (300 MHz -400 MHz) between the optical signal and DI could cause a power penalty of about 1 dB in a 10-Gb/s DPSK system [4] - [5] . Frequency offset of merely 250 MHz, resulting from the polarization-dependent propagation constant within DI, could also cause the power penalty of up to 0.5 dB [4] . Thus, to optimize the performance of DPSK systems, it is essential to compensate this frequency offset by adjusting the path-length difference within DI using an integrated thermal heater or a phase shifter made of piezoelectric transducer (PZT). However, to our knowledge, there has been no attempt to monitor this frequency offset and compensate it to ensure the optimum performance of DPSK systems. In this paper, we propose and demonstrate a novel technique to monitor this frequency offset in direct-detection DPSK systems by dithering the phase of DPSK signal. In the proposed technique, the frequency offset was monitored by measuring the magnitude of the AM component generated by the PM-to-AM conversion occurred in DI. The results showed that the monitoring range and accuracy of the proposed technique were ±2 GHz and -1 MHz, respectively. Fig.1 shows a DPSK receiver consisted of a balanced receiver and 1-bit DI. If the phase of DPSK signal is dithered at the frequency of Q, the signal incident on DI can be described as s(t) = e j d+0(t)+cos(Qt+0)} (1) where, co and 'D(t) is the angular frequency and phase of the optical carrier, and A and 0 represent the amplitude and phase of the dithering signal, respectively. In DI, the differential phase modulation described in (1) is converted into intensity modulation. Thus, the outputs at the constructive and destructive port can be expressed as p(t) = s(t) + ej2 s(t + T)
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JThB38.pdf respectively. If we assume that the phase deviation caused by dithering is much smaller than the phase difference of DPSK signal (i.e., if we use a small phase modulation depth), the output of the balanced receiver can be expanded by using Taylor polynomial. The result can be simplified as r(t) = |p(t) -|q(t) = 4 cos{K(t)}{4 _ C2 (1 -cos(2Qt + 20))}-4;sin{K(t)}cos(Qt + i) (3) where, = AV2{1 -cos(QT)}, and Kt)(= ff+±TT+±D(t+T)-(D(t)) is the phase of DPSK signal. Thus, if there is no frequency offset in the DPSK system, the value of K<t) should be either 0 or z. As a result, the AM component generated at Q due to the PM-to-AM conversion of phase dithering becomes 0, as shown in (3). However, if there is a non-negligible frequency offset, the value of K<t) is changed to either AIO or zr+zA, which, in turn, generates the AM components at Q and 2Q, simultaneously. This is because the frequency offset between the laser and DI is identical to the phase error of ik=2zr.zfT in DI [4] . In addition, if there exists a polarization-dependent path-length difference in DI, the polarization-dependent wavelength shift (PDk) of its transmission spectrum can also generate frequency offset [5] . We denoted the AM component at Q and 2Q as rQ2(t) and r2Q2(t), respectively. These components vary with the frequency offset as
In (4), it should be noted that, unlike r2fQ(t), rQ2(t) increases rapidly with the frequency offset even when its value is very small. Thus, using rQ2(t), we should be able to monitor the frequency offset caused by both the wavelength drift of laser (or DI) and PDX in DI with high resolution (Ar, /Af).
Results and Discussions
Fig. 2 shows the experimental setup used to demonstrate the proposed frequency-offset monitoring technique in a DPSK system. The output of a DFB laser operating at the frequency of 192.36 THz was modulated with a 10-Gb/s NRZ signal (pattern length: 231-1) using a dual-drive Mach-Zehnder (MZ) modulator. To monitor the frequency offset, we dithered the phase of DPSK signal at 4 GHz by using a LiNbO3 phase modulator. The DPSK receiver was composed of a two-stage erbium-doped fiber amplifier (EDFA), a bandpass filter (bandwidth: 1 nm), I00-ps DI, and a balanced receiver. For demodulation, we initially adjusted the differential phase between the two arms of the interferometer to be either 0 or ic by using the integrated thermal heater placed in one of the arms. The RF power of the AM component, generated by the PM-to-AM conversion occurred within DI, was measured by using an RF spectrum analyzer. To determine the optimum RF power of the dithering signal, we measured the power penalties caused by the frequency offset between the laser and DI and PDX, respectively, as a function of the RF power of dithering signal. To evaluate the power penalty caused by the dithering signal only, we first removed the frequency offset between the laser and DI by setting the wavelength of the laser precisely at the peak transmission wavelength of DI. We then eliminated the effect of PDX by minimizing the PDk-induced AM component at Q using the polarization controller placed at the input of DI. Fig.3 shows that the power penalty caused by the dithering signal only (square) can be neglected, as long as the RF power is smaller than -4 dBm. To measure the penalty caused by PDX (circle), we maximized the AM component generated at Q by adjusting the signal's polarization at the input of DI. The result shows that the PDX-induced penalty could be lower than 0.2 dB if we reduce the RF power to be smaller than -6 dBm. We also measured the penalty caused by the frequency offset between the laser and DI (triangle) by shifting the laser frequency by 400 MHz. In this case, the effect of PDX was eliminated by adjusting the polarization controller, as described above. The result shows that the power penalty caused by this frequency offset (400 MHz) could be maintained to be less than 0.3 dB, as long as the RF power is smaller than -6 dBm. Thus, we should be able to suppress the power penalty caused by the proposed technique within 0.5 dB by using the RF power of dithering signal smaller than -6 dBm. To evaluate the performance of the proposed monitoring technique, we varied the frequency offset from -2 GHz to +2 GHz with an increment of 100 MHz by changing the bias current of the DFB laser. We then measured the RF power of AM component generated at 4 GHz and bit-error rate (BER) as a function of the frequency offset. The RF power of dithering signal was -6 dBm. Fig. 4(a) shows the results obtained without the effect of PDX in comparison with the calculated curve obtained by using (3). The RF power of the AM component increased with the frequency offset. The minimum RF power was observed when the frequency offset was zero, since we intentionally eliminated PDX in this measurement. The measured data agreed well with the calculated values even when the frequency offset was increased to ± 2GHz. This monitoring range of frequency offset would be sufficient for 10-Gb/s DPSK systems. The monitoring sensitivity was high enough to measure the frequency offset as small as 1 MHz, since the RF power of AM component increased rapidly even when the frequency offset was very small. Thus, the proposed technique could be used for the real-time compensation of the frequency offset simply by minimizing the AM component generated at Q using the integrated thermal heater in DI (since we could achieve the minimum BER when the RF power of AM component was minimized). We also evaluated the effect of PDX within DI on the performance of the proposed technique. Fig. 4(b) shows that the minimum BER was still achieved at the minimum RF power of AM component. This result indicates that the proposed technique can still be used for monitoring the frequency offset even when DI has PDk. However, unlike the result in Fig. 4(a) , the minimum BER (and the minimum RF power of AM component) occurred at the frequency offset of 300 MHz due to the effect of PDk. This frequency offset of 300 MHz represents the amount of PDX in DI. Thus, the proposed technique can also be used to specify PDX simply by measuring the minimum and maximum RF powers for its two eigen-polarizations.
Summary
We proposed and demonstrated a novel technique for monitoring the frequency offset between the laser and DI in direct-detection DPSK systems. The results showed that proposed technique could monitor this frequency offset as well as PDX simply by measuring the AM component generated by the PM-to-AM conversion occurred in DI. The monitoring range and accuracy of the proposed technique were ±2 GHz and A1 MHz, respectively. 
